Nd 0.7 Sr 0.3 MnO 3 films of various thicknesses were grown on (LaAlO 3 ) 0.3 (Sr 2 AlTaO 6 ) 0.7 (001) substrates by the pulsed-laser-deposition method, and their structure, metal-insulator (ferromagnetic-paramagnetic) transition temperature T P (T C ) were examined by x-ray diffraction, resistivity and magnetization measurements. To clarify the effects of in situ deposition oxygen pressure on the thickness dependence of T P (T C ), the films were grown at an oxygen pressure of 21 Pa and 35 Pa, respectively. X-ray reciprocal space mapping on the films showed that they were all grown coherently on the substrates. For films grown at low oxygen pressure the transition temperature decreases more rapidly with the reduction of film thickness, while for those deposited at high oxygen pressure, with the film thickness decreasing a strain-induced decrease in T P (T C ) was observed. Our results indicate that to get higher T P (T C ) especially for the ultra-thin films a higher deposition oxygen pressure is indispensable, and this is crucial for understanding the thickness effect in epitaxial manganite films. The ex-situ annealing effects on the thin and thick films were also discussed in terms of their different microstructure.
Introduction
The discovery of the colossal magnetoresistance (CMR) effect in manganite compounds [1] [2] [3] [4] has renewed great interest in this class of materials. The chemical formula of CMR manganites can be written as R 1−x A x MnO 3 , where R stands for a rare earth and A for an alkaline earth element. At certain doping levels these hole-doped manganites show a metallic-(ferromagnetic) to-insulator (paramagnetic) transition and CMR effect at the transition temperature T P (T C ), which has been explained in terms of the combined effect of double exchange [5] and the Jahn-Teller (JT) distortion [6] . The CMR materials in epitaxial thin-film form possess potential applications in electronic devices [7] [8] [9] . In many cases, 4 Author to whom any correspondence should be addressed. however, the films exhibit a variety of magnetic and transport properties different from those of the bulk at fixed doping level, e.g. the strong anisotropic coercive field and a reduced metalinsulator transition temperature, and as the film thickness decreases, the difference is more dramatic. This thickness effect has been ascribed to a variety of factors, mainly the strain due to lattice mismatch with the substrate [10] [11] [12] , thickness [13, 14] and the oxygen content in the films [15-20, 23, 24] . Since it is usually difficult to control these parameters independently, the thickness effect in epitaxial manganite films has not been clearly understood yet.
Although the effects of oxygen content on the structural, transport and magnetic properties of manganite thin films have been extensively studied [15-20, 23, 24] , the influence of initial deposition oxygen pressure on the thickness effects has not been clearly demonstrated. In order to make clear the oxygen content on the thickness effect, a smaller mismatch strain induced in the CMR films is usually preferred. Bulk Nd 0.7 Sr 0.3 MnO 3 (NSMO) has a pseudocubic structure with a lattice parameter of 3.854 Å [21] , and after being grown on a (LaAlO 3 ) 0.3 (Sr 2 AlTaO 6 ) 0.7 (001) [LSAT (001)] substrate (cubic, a = 3.868 Å) the lattice constant mismatch between the film and substrate is quite small (0.34%). In this work, after growing high-quality epitaxial NSMO films on LSAT (001) under different oxygen pressures, we studied the impact of in situ deposition oxygen pressures on the thickness effect in epitaxial NSMO thin films. Our results suggest that the transport properties of coherently grown thinner films depend strongly on the amount of initial oxygen content that was controlled during the deposition, while for the partially relaxed thicker films, the structure and transport behaviours could be affected by both in situ deposition and the post-annealing process.
Experimental details
Epitaxial NSMO thin films with thicknesses of 10-300 nm were grown on LSAT (001) substrates using an excimer laser charged with KrF (λ = 248 nm). The laser-beam, with energy of 180 mJ per pulse and a repetition rate of 5 Hz, was focused onto the NSMO ceramic target, which was made by conventional solid-state reaction from high-purity Nd 2 O 3 , SrCO 3 and MnO 2 powders with final sintering at 1350
• C for 20 h in air. The substrate-target distance was about 45 mm. Two sets of samples with varying thicknesses were deposited at an oxygen pressure of 21 Pa and 35 Pa, respectively, and the substrate temperature was set at 720
• C. Under these conditions, the growth rate of the films was about 5 nm per minute. After deposition, the films were in situ annealed in 10 3 Pa of oxygen for 15 min before being cooled to room temperature in the same annealing ambience. In order to optimize the oxygen content, an ex situ post-annealing at 750
• C for 2 h in flowing oxygen ambience was carried out for all the samples.
The structure of the NSMO films was characterized by x-ray diffraction (XRD) (θ − 2θ scan, ω scan rocking curves and reciprocal space maps) using Cu Kα 1 (λ = 1.5406 Å) radiation (Philips X pert). The film thickness was determined by analysis of thickness fringes [22] around the (001) diffraction peak of the films, consistent with the evaluated value from the deposition rate. Resistivity and magnetoresistance were measured using the standard four point method, and the magnetization measurements were performed on a superconducting quantum interference device (SQUID) magnetometer (MPMS, Quantum Design).
Results and discussion
In figure 1 , high-resolution XRD patterns were measured from the NSMO films deposited at an oxygen pressure of 21 Pa. The film thicknesses determined by the interference fringes around the (001) diffraction peak were about 13.5 nm (a), 26 nm (b), 50 nm (c) and 116 nm (d), respectively. The right panels show correspondingly the rocking curves on the (001) reflection of the NSMO films, with the full width at half maximum (FWHM) of 0.063
• (e), 0.058 and 0.027
Based on the (001) reflection and those of higher diffraction order (not shown here), the out-of-plane lattice constant of the films was calculated to be 3.840 Å, 3.836 Å, 3.834 Å and 3.831 Å, respectively. They are lower than the unit cell parameter of NSMO bulk (a = 3.854 Å) [21] . As the films are subjected to biaxial tensile strain in the film plane when grown on LSAT (a = 3.868 Å) substrates, according to the general elasticity theory the c axis parameter should shrink, and with the thickness reducing the out-ofplane lattice constant should decrease. According to figure 1, however, it increases obviously with the reduction in thickness; this means an oxygen deficiency in the thin-films may be induced by the lower deposition oxygen pressure. To observe the in-plane lattice constants of the films, reciprocal space mapping on the NSMO (103) and LSAT (103) reflections were conducted and the results are shown in figure 2. It is seen that the in-plain lattice parameters of the films with thicknesses of 10-120 nm matched perfectly with those of the LSAT substrates, indicating the films are grown coherently on the substrates. These maps also show that the unit cell of the films is elongated systematically along the c * direction with the reduction in the film thickness (arrows), consistent with the results shown in figure 1 .
Due to size effect, the thinner film of about 13 nm thickness yielded a 'rod like' diffraction pattern, and this film can be indexed with a pseudotetragonal symmetry. It implies that the thinner film has a higher level of latticemismatch strain. As the film thickness increases, the NSMO (103) reflections broadened gradually along the horizontal axis direction, indicating that the a (or b) axis parameter of the films deviates slightly from the lattice constant of the substrate. This means a partial structural relaxation has occurred in thicker films and a domain structure may be inferred for the thick films since the thermodynamic stable phase of bulk Nd 0.7 Sr 0.3 MnO 3 is orthorhombic [21] .
The resistivity and magnetization as a function of temperature of NSMO films with thicknesses of 116-13.5 nm and deposited at 21 Pa of O 2 are shown in figure 3 . Below the transition temperature T P , the film is metallic and above T P it is insulating. The transition temperature decreases rapidly with the reduction in film thickness. At above 50 nm, the films have a transition temperature T P which approached the bulk value (220 K) [12] . This enhancement of T P could be ascribed to the partial relaxation of strain in the thicker films. We have shown previously that thick NSMO films have a squarepatterned surface structure [25] , indicating that a column structure may exist in the thick films. Due to the column or domain boundaries the thick films may take up more atomic oxygen during the post-deposition annealing processes. For the strained thin films of 26 and 13.5 nm thickness, however, the T P decreased rapidly to 187 K and 138 K, respectively. This was accompanied by a sharp increase in the out-of-plane lattice parameters (figure 1). It is believed that the sharp decrease in T P was mainly induced by the oxygen deficiency which will result in a decreased Mn 4+ /Mn 3+ ratio and distortion of the MnO 6 octahedra [15-20, 23,24] . In the right panels of figure 3 , magnetization as a function of temperature was recorded with the magnetic field (0.1 T) applied vertically to the in-plane of samples. As the thickness is reduced, a systematic decrease in the Curie temperature (T C ) was observed. The T C , defined as the temperature at which a maximum slope of the curve was derived, is almost equivalent to T P of the same film.
To further explain the origin of the c axis elongation and the sharp drop in T P in the highly strained thin films, three films contracts evidently as the deposition oxygen pressure is increased. At the same time the resistivity of the films decreases and the T P increases strongly with the increase in oxygen pressures (figure 4). The T P values of the films deposited at 21 Pa, 26 Pa and 35 Pa of O 2 were 138 K, 152 K and 183 K, respectively. After further increasing the oxygen pressure to 40 Pa, however, the T P reaches a saturation value of about 185 K for the ultra-thin film (13 nm). These results clearly indicate that the structural and transport properties of the strained thin films strongly depend on the oxygen pressure during deposition, and appear less sensitive to the post-annealed treatment. Thus, to get a higher T P especially for the ultra-thin films a higher deposition oxygen pressure is indispensable. Based on the results presented above, a set of the samples with thicknesses of 10-300 nm was deposited at the high oxygen pressure of 35 Pa. Figure 5 shows XRD patterns from these films. According to the (001) reflections, the film thicknesses were determined to be about 10 nm (a), 15 nm (b), 30 nm (c), 60 nm (d) and 300 nm (e), respectively. Correspondingly the right panels of figure 5 show rocking curves on the (001) reflection of the NSMO films with the FWHM denoted. It is clear that the c axis parameter decreases with the reduction of thickness, which is consistent with the CMR films with tensile strains [12, 13] .
The T C as a function of thickness is plotted in figure 6 , and the data shown by empty circles and black circles are from the NSMO films deposited at 21 Pa and 35 Pa of O 2 , respectively. For the films grown at 35 Pa, at above 30 nm T C approached almost 220 K and increases slightly with the further increase in film thickness, and below 30 nm it decreases slowly with the reduction in thickness and could be attributed to the straininduced effect. In contrast, for the films grown at 21 Pa of O 2 , with the films thickness decreasing, the sharper decrease in T C can be attributed mainly to the oxygen deficiency. In table 1, the thickness, transition temperature T C , and c-axis parameter of the two sets of samples deposited at an oxygen pressure of 21 and 35 Pa are summarized. Our results indicate that the deposition oxygen pressure can affect strongly the thickness dependence of T C in coherently strained thin films. For the thick films, due to the strain relaxation and defects such as column boundaries, the T C (T P ) appears less sensitive to the in situ deposition oxygen pressures.
Conclusions
In summary, the effects of in situ deposition oxygen pressures on structural and transport properties of NSMO thin-films grown coherently on LSAT (001) substrates have been carefully studied. It was found that for NSMO films deposited at a high pressure of 35 Pa the c-axis parameter decreases with decreasing film thickness, due to the tensile strain of the substrates which stretches the a and b axes, and for those grown at lower oxygen pressure, a contrary trend of parameter c was observed. This result indicates that at lower deposition pressure the thinner films may be more oxygen deficient and the strain effect is masked by the c axis increase related to oxygen vacancies. Correspondingly, when grown at lower oxygen pressure, T P (T C ) of the strained films decreases more rapidly with the reduction in film thickness. Our results indicate that to get higher T P especially for the ultra-thin epitaxial films a high deposition oxygen pressure is indispensable, and this is also important for understanding the thickness effect in epitaxial manganite films.
